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The development of second-generation sequencing technologies has greatly benefitted the field of ancient
DNA(aDNA).Itsapplicationcanbefurtherexploitedbytheuseoftargetedcapture-enrichmentmethodsto
overcome restrictionsposed bylow endogenousand contaminatingDNAin ancientsamples. Wetested the
performance of Agilent’s SureSelect and Mycroarray’s MySelect in-solution capture systems on Illumina
sequencinglibrariesbuiltfromancientmaizetoidentifykeyfactorsinfluencingaDNAcaptureexperiments.
Highlevelsofclonalityaswellasthepresenceofmultiple-copysequencesinthecapturetargetsledtobiases
in the data regardless of the capture method. Neither method consistently outperformed the other in terms
of average target enrichment, and no obvious difference was observed either when two tiling designs were
compared. In addition to demonstrating the plausibility of capturing aDNA from ancient plant material,
our results also enable us to provide useful recommendations for those planning targeted-sequencing on
aDNA.
T
he advent of second-generation sequencing has revolutionized the study of ancient DNA (aDNA), enabling
it to move from the study of few, short fragments of DNA, into the so-called ‘paleogenomic’ era.
Nevertheless, the limited amount of endogenous compared to environmental and contaminating DNA in
ancient samples still poses a limitation in shotgun aDNA sequencing experiments. The application of DNA
capture-enrichment methods is therefore particularly attractive for aDNA studies
1.
Capture-enrichment methods allow target-specific (user-defined) sequencing within organelle and complete
genomes, byselectivelyenriching sequences prior tothesequencing run, yieldinganincreased depthof sequence
over target regions, and overall lowering cost per target. Two main approaches exist to date: relatively large-scale
capture using commercial on-array/in-solution methods that typically can target regions of as much as 50 MB
sequence (Agilent SureSelect Human All Exon 50 Mb kit), and smaller scale methods (such as Primer Extension
Capture (PEC)
2, and a recently published method that exploits biotinylated PCR amplicons as baits
3, that are
generally limited to smaller targets (e.g. complete mtDNA genomes). For all methods, the principle relies on
‘selection by hybridization’ of the sequencing libraries to probes representing the regions of interest prior to
sequencing. Probes can be either immobilized on glass slides (on-array capture)
4 or selectively recovered by
affinity using magnetic beads (in-solution capture)
5.
Even though the effectiveness of the large-scale commercial methods has been extensively tested on modern
samples (eg.
6–8) their application to aDNA is limited to a single study
9, which reports successful capture of
NeandertalnuDNAextractedfrombone.Nevertheless,aDNAexperimentsareroutinelycomplicatedbyavariety
of factors, including type of sampled tissue, levels of contamination with exogenous sources of DNA, and DNA
preservation.Specifically,aDNAtendstobehighlyfragmentedanddamaged,aswellasembeddedinamixtureof
environmental DNA
10.Therefore, in aDNA capture experiments, the intrinsic factors and complexity of aDNA
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SCIENTIFIC REPORTS | 1 : 74 | DOI: 10.1038/srep00074 1handling are added to factors inherent to the capture method and
design, and thus it is reasonable to assume that one cannot a priori
expect such experiments to work in an identical manner to those on
high quality DNA
1.
We take advantage of a dataset of unpublished ancient maize
kernel and cob DNA sequences (700–1000 years old) (Supple-
mentary Data online), which were sequenced on the Illumina
GAIIx using both shotgun sequencing and in-solution capture, from
two commercial providers (Agilent’s SureSelect and MYcroarray’s
MySelect), in order to attempt to characterize key factors influenc-
ing the success of aDNA capture experiments. The target regions
used in each capture method were identical, and incorporated a
mix of single copy, multicopy and chloroplast DNA in each single
reactionthatspanatotalof670lociover,0.7 Mb.Furthermore,the
design of one of the capture kits, MYcroarray’s MySelect, under two
tiling regimes (11 and 24 bp) enabled us to explore whether tighter
tiling plays a beneficial role. We associate our observations with GC
content and type of targeted DNA (plastid, nuclear multicopy and
nuclear single copy). To evaluate the actual benefit of aDNA capture
over shotgun, we calculate the rate of enrichment across methods by
comparing the amount of target sequence obtained after capture, to
that obtained with shotgun sequencing of the same samples, and
contrast the enrichment rates to the pre- and post-capture number
of PCR cycles, purity and quality of the sample.
Ultimately, because the complexity and expense of working with
aDNA makes generation of sufficient data to recover statistically
supported observations challenging, we caution our results should
be viewed as trends, as opposed to hard facts. However, we hope the
findings presented will be helpful for those who are planning future
targeted-sequencing studies on ancient DNA.
Results
On/off Target. Capture efficiency was first measured by estimating
the proportion of reads that mapped to the 670 targets, the so-called
‘on/off target’ proportion (Table 1). The range for MySelect was
7–61% (distributed across 359–659 targets), whereas for Agilent it
was 41–75%, covering 395–668 targets. For the two best samples
(Arizona and Chile, for which shotgun sequencing indicates
contained an initial endogenous maize DNA content of .90%),
the proportion of on-target reads observed using the SureSelect
resembles those reported by the manufacturer in modern samples
and previous reports
7,8. For all samples, the fraction of reads that
mapped to the targets was higher when SureSelect, rather than
MySelect, was used to capture.
The fractionof readsmapped totargets is,however, onlyan indir-
ect estimation of the method’s performance, since it needs to be
considered in parallel with the coverage uniformity across targets.
Furthermore, due to the PCR steps involved either pre- or post-
capture, many reads that map to a target may derive from a single
original template molecule (so-called ‘clonal’ reads). Therefore it is
imperative to control for this effect in order to get an informative
estimate of the effectiveness of the method.
Clonality. All reads with identical sequence mapping to the same
start and end position in the target were conservatively considered
to be clonal (or duplicates). These were collapsed, and reads not
mapping to a unique position within the targets were filtered from
the data. Just as SureSelect was the method yielding the highest
fraction of reads mapping to targets, it also showed higher
clonality values for all samples as illustrated in Table 2.
The number of reads remaining after removing duplicates was
comparedtothetotalnumber ofmappedreads,givinganestimation
of the clonality within the targets. Similarly, the number of unique
reads in the whole library was calculated and compared to the total
number of reads to provide an estimate of the clonality within the
library. A very high amount of clonality was detected regardless of
the sample and capture method (Table 2), particularly for sequences
that mapped to targets (min 38 copies per read [cpr], max 597 cpr,
median 118 cpr).
To further explore the distribution of clonality across targets,
clonalitycontentwasbrokendowninthreecategories:nuclearsingle
copy, nuclear multiple copy and chloroplast. We observed that tar-
gets falling into the multiple copy category contained the highest
levels of clonality (avg. 20x more than the single-copy category) for
almost all samples. Because the maize genome is highly repetitive
with ,80% of the genome comprising common repeats
11, their cap-
ture is likely to be favored, and hence preferentially amplified in the
post-capture PCR step.
This pattern was prevalent in all samples regardless of the
chosen method; we therefore investigated whether the amount of
detected clonality could be associated to one or a combination of
the following:
1) Number of PCR cycles pre- and post-capture
2) Endogenous DNA content
Usingthemethoddescribedabove,thedegreeofclonalitywasalso
assessedintheshotgundata,toenableabaselineforcomparisonand
estimation of the effect of the number of post-capture PCR cycles
on the final clonality present in capture experiments. The level of
clonality in shotgun experiments was also observed to be higher in
the mapped reads, supporting the notion that some reads called as
‘‘clonal’’, most likely correspond to repeated copies in the genome.
Table 1 | Proportion of sequence reads on target across experiments. As two tiling densities were used in the MySelect array designs, the
tilingoverlapisindicatedintherelevantcolumnheaders.Themethodyieldingthehigherproportionofreadsontargetishighlightedinbold.
Arizona Chile
Sample MySelect 11 Myselect 24 SureSelect Shotgun MySelect 11 MySelect 24 SureSelect Shotgun
Filteredreads 34,376,665 34,727,685 24,485,087 38,570,708 38,584,450 16,857,254 21,990,480 27,033,243
On target 18,403,448 21,168,407 17,926,390 1,307,768 17,548,482 8,018,092 16,444,488 950,692
% 53.53 60.96 73.21 3.391 45.48 47.56 74.78 3.517
GMAG 10237 GMAG 10189
Sample MySelect 11 MySelect 24 SureSelect Shotgun MySelect 11 MySelect 24 SureSelect Shotgun
Filtered
reads
29,187,586 33,342,092 30,461,620 14,754,738 35,091,478 36,280,834 33,965,192 14,754,738
On target 6,141,411 2,208,139 12,471,652 30,725 9,747,308 8,166,851 14,171,670 30,725
% 21.04 6.62 40.94 0.208 27.78 22.51 41.72 0.208
www.nature.com/scientificreports
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an effect of the number of pre- and post-capture PCR cycles on the
amountofclonality.Thelowestvaluesforthisratiowereconsistently
found for shotgun experiments. The highest clonality ratios were
found using the SureSelect method for three out of four samples,
regardless of the PCR cycles.
A high number of PCR cycles (30 post capture) on samples with
.90% maize DNA content did not seem to proportionally increase
the amount of clonality. However the use of a high number of PCR
cycles on samples that contained a low concentration of endogenous
DNA considerably increased the amount of clones. Consequently, it
seems preferable to obtain a sufficient yield of PCR amplified library
through pooling of multiple independent amplification reactions
on the library, each performed using a low number of PCR cycles
(similar to how sample CMAG 10189 was prepared).
The effect of this can be observed in the two samples with the
highest endogenous maize DNA content (as determined from the
shotgun results), the Arizona and Chile kernels, both with .90% of
maize DNA. Both had the same number of pre capture PCR cycles
(20 for MySelect, 22 for SureSelect). However, for the Arizonan
sample, the library was divided in seven different aliquots and par-
allel PCRreactions were carried out after capture with 18 cycles each
forbothMySelectexperiments,andninetubeswith22cycleseachfor
the SureSelect. For the Chilean sample, the same protocol was used
for the SureSelect capture and the MySelect with the exception that
three of the seven aliquots were subjected to a PCR with 30 cycles.
This had a very subtle effect on the clonality ratios, but still percept-
ible in the MySelect experiments (increase of 4–8.5 cpr). The clon-
alityratiosshowedsimilarvaluesforthetwoSureSelectexperiments,
which is consistent since the same pre- and post-PCR protocol was
carried out for both.
On the other hand, samples CMAG 10237-18 and CMAG 10189
had a low proportion of endogenous DNA (24.7% and 11% respect-
ively), in comparison to samples Chile and Arizona. For CMAG
10237-18, the MySelect-captured library was amplified for 22–27
cycles (three aliquots: 1322 and 2327) and with only 18 cycles for
CMAG 10189 (5 aliquots). As a result CMAG 10237 had the highest
values of clonality among all the samples and CMAG 10189 had the
lowest,suggestingthatthenumberofcyclesdoeshaveaneffectwhen
the endogenous amount of DNA is below (at least) 25%.
Enrichment. We estimated the ‘enrichment’ rate by comparing the
proportion of non-clonal reads that mapped uniquely to the targets
out of the total uniquely mapped reads (genome wide) between
capture and shotgun experiments (Supplementary Table S1, S3–S6
online). Therefore, this enrichment rate is independent of the
amount of sequence generated since it takes proportions into
consideration. The average enrichment, regardless of the method,
ranged from 4 to 29 fold. However considerable differences were
observed when the enrichment was estimated for each category
(chloroplast, nuclear single-copy and nuclear multi-copy). Most of
the enrichment was observed in the chloroplast and the single copy
category,mostlikelyduetothebiglossofreadsintheclonalremoval
step within the multi-copy category.
Neither method consistently outperformed the other. In samples
with good amount of endogenous DNA (.90%), MySelect proved
betterforoneofthem(Arizona)andSureSelectfortheother(Chile).
For samples with low endogenous DNA content, the same pattern
was observed with SureSelect proving better for one (CMAG 10237)
out of the two samples. Regarding MySelect’s tiling design, enrich-
ment did not appear to be influenced by the overlap of the probes.
Therefore at least for the densities explored here (11 and 24 bp) the
adoption of lower tiling densities, that allows more target to be cap-
tured per reaction, does not appear to affect the final enrichment.
While for modern human DNA, solution-based capture enrich-
ment has been reported to be ,400 fold
6, a report on aDNA capture
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2 indicated a raw target enrichment of 3640-
to 80,400-fold when PEC and FLX sequencing were carried out to
obtain the complete sequence of Neandertal mitochondria. Burbano
etal.
9ontheotherhandreporteda,190,000-foldtargetenrichment
when using the solid-phase Microarray version of SureSelect to
capture nuclear protein-coding positions also from Neandertal. We
sought to explore why the enrichment we observed in our experi-
ments was several orders of magnitude lower than those reported by
Briggs et al.
2 and Burbano et al.
9.
The first discrepancy we observed was the method for enrich-
ment estimation. Briggs et al.
2 and Burbano et al.
9 used a theoretical
enrichment value that considered the target fraction of the genome
and the proportion of endogenous DNA present in the sequencing
library, as the baseline for comparison against the results from the
enriched and clonal libraries. We directly calculated enrichment by
mapping shotgun reads to the targets and then contrasted the frac-
tions of uniquely mapped non-clonal reads between this and the
enriched library. In our opinion this approach allows a straightfor-
ward calculation of effective enrichment and considers possible
biases in the sequencing library that could influence the amount,
quality and content of sequence reads, which must be taken into
consideration in aDNA investigation. Additionally, because we do
not include clones when calculating the enrichment, we obtain an
‘‘informative’’ rate of enrichment as opposed to enrichment due to
clonal redundancy and PCR drift.
With regards to method, the main differences between the above
experimentsandoursreportedhere arethetypeofcaptured libraries
and the number of capture reactions as well as the number of cycles
used in the amplification steps. In both previous reports, FLX librar-
ies were captured while we performed the capture on Illumina lib-
raries. Specifically, in Burbano et al.
9 the original FLX libraries were
amplifiedwithtwoconsecutiveroundsofPCR,with10and20cycles
respectively. In addition to this, two successive capture reactions
wereperformed,eachofwhichwasfollowedbya20cyclesamplifica-
tion step. The captured libraries were then converted, by PCR, to
Illumina format and sequenced on the Illumina GAII platform.
Similarly in Briggs et al.
2 FLX libraries were also amplified in two
consecutiveroundsofPCRwithfirst8andsubsequently8–10cycles.
The amplified libraries were then captured twice. Following the first
capture, products were reamplified for 14 cycles, and amplified once
more after the second capture for 8 cycles, prior to sequencing on a
FLX platform. These differences may account for the discrepancies
observed in the enrichment rates in our experiments. Because we
carried out a single capture reaction per sample and no consecutive
roundsofPCR,itisexpectedtohavealowerenrichment.Inaddition
to this, the number of PCR cycles we used per reaction (18–30,
depending on the experiment) was higher than the one used by
anyoftheabove-mentionedstudies,whichalsoexplainsthelowyield
of non-clonal, unique sequences. Lastly, the fact that we captured
Illumina, as opposed to FLX, libraries, is unlikely to influence the
total yield of captured DNA.
Capturing repetitive elements. Our set of targets included 669
nuclear regions and the complete chloroplast. 653 of the nuclear
regions were identical sequence regions (IDSRs) between Palomero
and B73 genomes reported in a previous work
12 plus fifteen enolases
and metabolic genes. 223 targets, including the chloroplast, con-
tained common repeats (99 kb) in their sequence as well as regions
of low complexity as detected by RepeatMasker
13. Because ,85% of
the maize genome is composed of hundreds of families of trans-
posable elements
11 the capture of such regions poses a challenge,
however we investigated the effect of capturing such regions on the
total yield of informative sequences.
For shotgun experiments the proportion of reads mapping to
annotated repeats, was ,90% for all samples (Supplementary
Table S2 online) before removing clones. This is consistent with
the reported proportion of repeats in the maize genome
11. For the
capture experiments this proportion varied depending on the
method (49–78%, mean 65%), however it was the predominant
category for all samples. After clones were removed it was clear that
the chloroplast and the targets with common repeats carried most of
the clonal reads, representing more than 98% of the lost reads. This
indicates that the capture of repeat-rich regions causes a big limita-
tion in the capture of non-repeated regions.
GC Content. Because an effect of GC content on the efficiency of
capturehasbeenpreviouslyreportedforsolution-basedSureSelectin
modern samples, we investigated whether the effect was similar in
our ancient samples. Previous reports observe a Gaussian-like distri-
bution of GC content versus normalized coverage, with a peak at
45% GC content and less successful capture at both ends of the
distribution
6.
We evaluated the correlation of GC content average vs. average
depthofcoverage,independentlyforeachcategoryoftarget(Supple-
mentary Figs. S1–S4 online). This was estimated per probe and not
per target to control for the variance in lengths of the targets. For the
two samples with the highest fraction of endogenous maize DNA
(Arizona and Chile) the pattern observed in the single-copy results
derived from SureSelect capture, highly resembled that reported by
Tehewy and colleagues
6, except that the peak appears at ,55% GC.
For chloroplast, a positive correlation is observed mainly due to its
lowGCcontent (avg.38%),with thehighestvalueforGCcontent, in
any probe, being 63%.
Discussion
We present what to our knowledge is the first attempt to capture
ancient DNA with two independent in-solution capture methods.
Although based on a limited dataset, we believe that the data pre-
sented contains useful information to help guide future studies. Our
data suggests that several of the variables tested appear to be of
limited importance. For example, in general we did not observe
any overwhelming advantage of one kit over the other. Although
the SureSelect experiments contained higher proportions of on-tar-
get sequences, they also contained higher levels of clonal data, thus
reducing the overall levels of useful sequence post filtering. Further-
more, while the useof different tiling designs in the MySelect experi-
ments allowed a direct estimation of the advantage of using tighter
designs (higher tiling density) at the expense of less target sequence,
weobservedtheuseoftighterdesignswasnotconsistentlytranslated
into better enrichment values.
In contrast, we believe that there are two major observations that
will be important for future aDNA target-sequencing studies to con-
sider.Firstly,alargeproportionofthesequencesderivedfromclonal
amplification, and thus would be of limited use in down-stream
analyses. Because ancient DNA capture-enrichment experiments
are still in its earliest stage, we found difficult to compare our obser-
vations to the other few reports on the subject since no standardisa-
tionhasbeenmadetoreportenrichmentrates,anditwasnotclearat
first sight if these included clonality or not in their estimations. We
therefore believe clonality should be unambiguously discussed in
relevantpublications,andsuchdatashouldbeexcludedfromenrich-
ment calculations; at the very least we feel that our discipline should
engage in a salient discussion on the matter to ultimately reach a
standardized convention of enrichment rates.
Secondly, the inclusion of targets present at different levels in the
genomeinthesamecapturearrayappearstohaveanegativeeffecton
the results. Specifically wespeculate thatrepeat regionsare preferen-
tiallycapturedandamplified.Thishighlightstherelevanceofdesign-
ingprobestoexclusivelytargetsingle-copylociaswellaskeepingthe
number of cycles to a minimum, which would also have a positive
effect on the results by reducing the number of clones.
www.nature.com/scientificreports
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from maize kernels, the efficiency in other ancient tissues remains
to be explored. Even though the only additional report on nuclear
aDNA capture-enrichment is limited to Neandertal bone, the future
looks quite promising for aDNA investigation with targeted sequen-
cing becoming more accessible and newer sequencing platforms
entering the market.
Methods
Design and data generation. 120 bp length probes were designed (baits) with an
11 bp tiling for 670 targets in maize (covering ca. 700 Kb), which included the
complete chloroplast, few enolases and genomic regions reported to be associated
withmaizedomestication.SuchregionsincludedthedifferenttypesofDNA:Nuclear
single copy, nuclear multi-copy, and plastid DNA. The ability of each method to
captureeachoneofthesetypeswasalsoevaluated.Inaddition,adifferenttilingdesign
of 24 bp was tested for MySelect.
DNA was extracted from desiccated Chilean and Arizonan maize kernels, dated to
750–550 YBP, and 723623 14CYBP, respectively; and two desiccated Mexican cobs,
CMAG 10189 and CMAG 10237 dated to 1410625 14C YBP. DNA extracts were
converted into Illumina GAIIx libraries using two NEBNext kits following manu-
facturer’s instructions (see Supplementary Methods online).
Capture-enrichment experiments were carried out following manufacturer’s
instructions, with the modifications shown in Supplementary Methods online. For
each sample, three capture-enrichment reactions (Agilent’s SureSelect, MySelect til-
ling 11 bp and MySelect tilling 24 bp) were performed. The number of cycles in the
post-capture PCR amplification step was different among samples; these are
described in Supplementary Tables S3–S6 online.
Non-captured libraries were also shotgun sequenced to measure the enrichment
factorofeachmethod.Atotaloffourlanespersamplewererequired (threecaptured,
one shotgun), yielding a total of 24 lanes on the Illumina GAIIx. Illumina’s pipeline
software (RTA1.8/SCS2.8) was used for base-calling.
Data analysis. Fastq files, representing a total of ,48 Gb (628,147,291 reads),
produced by the base-calling program were analysed with a script to compute base
frequency and quality per cycle. The quality of the reads and the removal of low
qualitybasesandadaptersequenceswascarriedoutusingR(version2.13.0)
14andthe
BioconductorpackageShortRead
15.Adaptersequenceswereremovedfromthereads,
and reads consisting of only adapter were excluded from the downstream analysis.
The algorithm ensured that the adapter was detected regardless of its position in the
sequence.AllbasesfollowingaBqualitybase(Phredof3)wereremoved.Finally,only
sequences longer than 18 bp, after removing the adapter and trimming low quality
stretches, were considered and mapped to the reference targets using BWA. This
thresholdwasarbitrarilysettoallowshortsequencestobeincludedintheanalysisbut
not too short to produce spurious random matches.
Bamfiles,generatedbyBWAversion0.5.9-r16
16,werefurthermanipulatedusingR
and perl scripts, along with samtools version: 0.1.14
17, picard version 1.34
18 and
GATK version 1.0.4641M
19. Duplicates and ambiguous hits (reads with more than
one hit) were removed using samtools. Average coverage and depth of coverage was
calculated with GATK’s DepthOfCoverage analysis.
Common repeats in the maize genome were detected using RepeatMasker
13.
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